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INTRODUCTION 
The automotive, aerospace, medical, and electronic industries all now use 
components derived from powder metallurgy. In many instances, this manufacturing 
approach can provide parts and stock materials of higher quality and reliability than 
those obtained using other manufacturing techniques, which contributes directly to 
the reliability of the products in which they are used. As the market for powder metal 
parts continues to grow, suppliers are seeking new means to monitor, control and 
optimize powder metallurgy processes. The focus of this work is the nondestructive 
evaluation of thin rolled iron aluminide alloy using thermographic techniques designed 
for quality control during manufacturing [1]. While the formation of products from 
powder metallurgy can be quite complex, the typical process can divided into four 
stages. In the first stage, powder metal constituents are mixed with a binder and/or 
solvent. In the second stage, intermediate products-commonly referred to as green 
parts-are formed under pressure. The third stage is the removal of the binder and 
sintering of the metal particles into a solid structure. A fourth stage involving 
machining or forming is sometimes required. Each of these stages usually has several 
intermediate steps and each step exhibits characteristic defect morphologies and 
underlying formation mechanisms. The guiding principle in minimizing the impact of 
these flaws (with the goal of zero defects) is to identify the most significant flaws as 
early in the process as possible. Early detection may provide the opportunity to 
correct the defect downstream in the process. Alternatively, if the flaw cannot be 
repaired, the defective part can be removed from the process before disrupting 
product flow or investing process resources in a bad part. It is in this context that the 
development of technologies that detect and quantify the quality of intermediate and 
final products will have a significant impact on the growth of future applications of 
powder technology. The goal of this research is a non-contact, real-time method of 
inspecting 100% of the green sheet produced by an existing industrial process. 
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BACKGROUND OF THE PROBLEM 
Philip Morris USA has developed a process to synthesize parts from high 
performance super alloys. The fabrication of beta phase iron aluminide (FeAI) into a 
thin sheet is not practical by rolling a large starting volume of FeAl. Attempts to 
form sheet in this manner results in severe work-hardening which results in cracking. 
Processing the material at elevated temperatures (near the melting point) is not 
feasible because the aluminum oxidizes and the alloy tends to dissolve hydrogen. 
Oxidation inhibits formation of the desired phase while excess hydrogen creates voids 
which increase porosity. Both compromise the mechanical properties of the material. 
Processes involving extended periods at high temperatures promote grain growth, and 
increased grain size reduces low temperature ductility which can be important in part 
forming [2]. The powder metal process for FeAl thin sheet synthesis minimizes these 
effects. 
The initial step for the production of FeAl metal sheet from powder is the 
formation of a green sheet composite which is approximately 700 I'm thick. This is 
achieved using either cold-rolling or tape casting of mixtures of the powdered starting 
material with a binding agent and solvent. (The production rate is about 300 
cm2 Imin.) The green sheet then undergoes a series of process steps-binder 
elimination, densification, sintering, annealing-to form the final FeAl sheet product. 
The intermediate products have a thickness from 300 I'm to 200 I'm thick and 
densities as low as 60% of the theoretical density, which is about 6.0 glcc for the fully 
dense material. Mass distribution and thickness are critical attributes throughout the 
sheet forming process. The relatively high viscosity of the green sheet composite and 
the characteristically low malleability of the iron aluminide particles inhibit 
modification of the mass distribution once the green sheet is formed, but process 
variables such as mixture feed rate, roller speed and roller pressure are candidates for 
statistical process control using feedback from the inspection system. The impact of 
non-uniform mass distribution can vary from the formation of final sheet material 
that contains flaws to an intermediate sheet product which fails during processing. 
Current yields do not meet production gbals, with the dominant failure mode 
development of through thickness cracks in the sheet. Poor mass distribution is 
hypothesized to be the major cause for this low yield. Some fraction of the shipped 
finished material contains undetected flaws arising from the green sheet defects, and 
attempts to form or machine materials with these defects results in part failure. Thus, 
having an effective means of evaluating green sheet quality is critical. 
The physical characteristics of the green sheet require special consideration in 
developing an appropriate NDE technique [3], [4]. A non-contact technique is 
demanded since the material has minimal mechanical integrity. The green sheet has a 
very high impedance and is non-magnetic, thus conventional electromagnetic 
techniques (eddy current, magnetic flux leakage etc.) are not suitable. While optical 
(visual) techniques may prove useful, they would not provide the through thickness 
information desired. Modern on-line x-ray systems require special shielding, do not 
provide the required high speed three dimensional specimen information and come 
with at least some regulatory constraints. 
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In the thermographic inspection technique [5] - [8], the time-temperature 
history for all points on the surface of the specimen is obtained. The time dimension 
carries information about the nature of the material beneath the surface, i.e. it 
provides three-dimensional data. In contrast, x-ray transmission yields a signal 
proportional to the integral of the absorption through the line of flight. While there 
are techniques/instrumentation for x-ray tomography and laminography, these are 
currently too expensive and time consuming. With thermography, material properties 
related to the rate of temperature change-such as thermal diffusivity-are significant 
rather than the absolute temperature [8], [9]. Thus, the impact of factors such as 
emissivity, array detector sensitivity variation, etc., which introduce error in absolute 
temperature determinations are reduced. Appropriate data analysis has the potential 
to provide a three-dimensional rendering of the material distribution and 
discontinuities. Thus, this technique has the potential to provide the information 
desired for the green sheet. 
There are several challenges presented by this work. Thermal techniques have 
traditionally been used for material thickness several times greater than those of 
interest here [10] and the material is not well characterized in terms of particle/binder 
distributions and constituent thermal properties. At the small thicknesses and fast 
thermal transient times (through the thickness of the sheet) high speed detectors and 
data acquisition systems are necessary. However, recent developments in detector 
technology and high speed computers have resulted in instrumentation which provide 
the speed necessary. A major aim of the work is to develop the appropriate spatial 
and temporal excitation protocol and data analysis techniques. This involves 
identifying key green sheet morphological features which result in final product 
defects and the development of a theoretical model to describe heat transfer in the 
green sheet composite. 
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Figure 1. Schematic of thermographic inspection system for FeAl green sheet. 
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RESULTS AND DISCUSSION 
We have performed preliminary thermographic measurements on FeAI green 
sheet samples in order to verify the suitability of the method and develop prototype 
inspection hardware specifications. Data were collected using two different sets of 
instrumentation. In both cases the samples were suspended in air, with either front 
surface step heating or back surface impulse heating. The through heating technique 
[11] was implemented using an Inframetrics 760 infrared camera in conjunction with a 
Balcar® 6.4 kJ xenon flash lamp. Images were collected and stored for post 
processing using a N uvision TM computer and image capture software. Images from 
the front surface heating were obtained using an Amber Radiance I® infrared camera 
and two 500 W quartz lamps. This system provided a differential image at a specified 
time after initiation of the step flux. The gray level in these images corresponds to 
the variation of the rate of temperature change on the surface. Post processing and 
analysis of all image was conducted using Visilog® image analysis software. 
Preliminary work has focused on investigating the sensitivity of thermography 
to known defects such as thickness variation. A specimen from the end of a strip of 
green sheet that was produced as the material in the feed hopper was depleted, 
resulted in a rolled sample with a nominal thickness of 700 /-Lm, but with a tapered 
end with thickness down to 350 /-Lm. Figure 2 illustrates the through heating of this 
sample. The series of images shows how the back side heating, indicated by the 
lighter gray level, occurs at later times for the thicker regions of the specimen. Figure 
3 illustrates the quantitative data obtained from this technique. The graphs represent 
the time-evolved normalized temperature at each of three different positions: A, B 
and C in figure 2. Note that the characteristic time to reach half the maximum 
temperature increases with increasing thickness. The region of nominal thickness 
reached its maximum temperature in less than about 0.50 second. 
Figure 2. A series of images showing the temperature rise on the back side of an 
impulse heated tapered sample. The thinner tip region transmits the heat more 
quickly. 
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Figure 3. Characteristic thermal breakthrough time, t l / 2 , increases for positions of 
increasing thickness corresponding to the marked locations in figure 2. 
A thermal differential image is shown in figure 4 illustrating the rate of change of 
temperature using front flash heating. A line scan of the gray scale depicts the 
thickness variation along the length. The thicker regions are mapped to lower gray 
levels (dark) while the thinner regions are mapped to higher gray levels (light). Note 
also that variations in surface emissivity can be detected in the image. This 
information may also be useful in determining sheet quality. Figure 5 illustrates the 
sensitivity of the front surface flash heating technique to material variations of 
interest. 
In addition to the front and back surface thermographic measurements, we have also 
performed digital x-ray measurements using a DigiRay@ system. Figure 6 shows a 
comparison between the thermal, x-ray and micrometer thickness data. In addition to 
increased sensitivity to the flaws of interest, the thermal image requires less than 
three seconds to acquire compared to over ten minutes for the full-field x-ray image. 
The line scans do indicate that the x-ray is sensitive to thickness variation, but it is 
inherently a through-transmission measurement. Implementation in the process 
Figure 4. Gray level image (dTfdt) depicting the variation in green sheet properties. 
The line scan at the right reflects the tapered thickness geometry of the specimen. 
The contrast illustrates the variation of the ratio of thickness squared and thermal 
diffusivity. 
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3% mass increase from 
tape on specimen back. 
Figure 5. Green sheet sample with through crack and thick edge visible in 
front-surface flash heating thermographic image. Also detectable are a thin region 
caused by lightly rubbing the sample with a finger, as well as a small arrow-shaped 
piece of tape which constitutes a 3% increase in mass at that point. 
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Figure 6. Comparison between thermal and x-ray data for thickness me ·.surements. 
Micrometer measurements are indicated as well . 
environment is further complicated by safety and shielding requirements. Moreover, 
the x-ray will never be sensitive to the low density binder component of the green 
sheet, reducing its usefulness for flaw detection 
CONCLUSIONS 
The preliminary measurements that we have shown here indicate that 
thermography is the appropriate NDE method for inspecting FeAl green sheet . 
Modern instrumentation allows single-sided, non-contact, on-line inspection, with 
sensitivity to the green sheet flaws of interest, and at rates that allow for 100% 
coverage. Based on this preliminary data a prototype inspection system has been 
developed to study the details of green sheet flaw morphology. Future work will focus 
on the understanding of flaw development throughout the various processing steps. 
The ultimate goal of the research will be to provide specifications for on-line 
integration of an inspection system. 
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